Introduction
Neurons and neuroendocrine cells can enter states of heightened activity and secretory capacity underlying fundamental processes, such as synaptic facilitation and high-threshold hormone release. Protein kinases, including protein kinase C (PKC), A (PKA), and calmodulin kinase, often mediate these transitions by regulating the activity of voltage-gated Ca 2ϩ channels (Artalejo et al., 1994; Catterall, 2000; Catterall and Few, 2008) . Typically, kinases modulate Ca 2ϩ current by directly regulating ion channels residing in the plasma membrane. Alternatively, kinases can elevate macroscopic current by inducing the insertion of additional channels into the membrane. Rapid channel recruitment underlies various forms of plasticity, including plateau potentials mediated by TRP channels and LTP involving AMPA receptors (Man et al., 2003; Tai et al., 2011) . As Ca 2ϩ channel abundance determines synaptic strength (Hoppa et al., 2012; , analogous kinase-dependent changes to membrane Ca 2ϩ channels could provide an effective means for neurons to control secretory capability. Although augmented Ca 2ϩ channel trafficking/insertion has been implicated in regulating synaptic transmission, this requires a period of hour to days (Bauer et al., 2009; Hendrich et al., 2012) . Therefore, it remains unknown whether neurons can use a dynamic Ca 2ϩ channel pool to quickly boost output on a time scale of minutes.
A well studied and unique model of Ca 2ϩ channel insertion is found in the bag cell neurons of the marine mollusc, Aplysia californica. Following a brief synaptic input, these neuroendocrine cells transition from quiescence to a period of prolonged activity, known as the afterdischarge, to release egg-laying hormone (ELH) and trigger reproduction (Kupfermann, 1967; Kupfermann and Kandel, 1970; Arch, 1972; Pinsker and Dudek, 1977) . Shortly after the start of the afterdischarge, PKC is stimulated, and enhances Ca 2ϩ current via the insertion of a covert, larger-conductance Ca 2ϩ channel, termed Apl Ca v 2, alongside the constitutively present, smaller-conductance channel, termed Apl Ca v 1 (Strong et al., 1987; Conn et al., 1989b; Wayne et al., 1999) . Immunocytochemistry and membrane protein biotinylation assays show that the ion conducting ␣-1 subunit of Apl Ca v 2 is exclusively localized to intracellular vesicles under resting conditions, but upon PKC activation, it associates with actin and inserts into the plasma membrane of the soma and neurites (White and Kaczmarek, 1997; White et al., 1998; Zhang et al., 2008) .
The physiological implications of Apl Ca v 2 insertion on secretion remain undetermined. In the present study, we dissected the effects of PKC and Apl Ca v 2 insertion on evoked secretion by using capacitance tracking and Ca 2ϩ imaging in cultured bag cell neurons. We show that Apl Ca v 2 strongly augments stimulusevoked Ca 2ϩ entry and secretion, while also strengthening excitation-secretion coupling. Furthermore, through a mechanism downstream from Ca 2ϩ influx, PKC activation enhances prolonged exocytosis triggered by slow intracellular Ca 2ϩ release from mitochondria. These results suggest that the bag cell neurons use Apl Ca v 2 to transform the secretory capacity of bag cell neurons during the afterdischarge. To our knowledge, the present findings are the first to demonstrate that neurons can dynamically amplify output by rapidly recruiting additional voltage-gated Ca 2ϩ channels to the membrane.
Materials and Methods
Animals and cell culture. Adult Aplysia californica (a hermaphrodite) weighing 150 -500 g were obtained from Marinus. Animals were housed in an ϳ300 L aquarium containing continuously circulating, aerated artificial sea water (Instant Ocean, Aquarium Systems) at 14Ϫ16°C on a 12 h light/dark cycle and fed Romaine lettuce five times per week. For primary cultures of isolated bag cell neurons, animals were anesthetized by an injection of isotonic MgCl 2 (ϳ50% body weight), the abdominal ganglion removed, and incubated for 18 h at 22°C in neutral protease (13.33 mg/ml; 165859, Roche Diagnostics) dissolved in tissue culture artificial sea water (tcASW; composition in mM: 460 NaCl, 10.4 KCl, 11 CaCl 2 , 55 MgCl 2 , 15 HEPES, 1 mg/ml glucose, 100 U/ml penicillin, and 0.1 mg/ml streptomycin, pH 7.8 with NaOH). The ganglion was then transferred to fresh tcASW and the bag cell neuron clusters dissected from the surrounding connective tissue. Using a fire-polished Pasteur pipette and gentle trituration, neurons were dispersed onto 35 ϫ 10 mm polystyrene tissue culture dishes (Catalog #353001; Falcon, UltiDent) filled with 2 ml of tcASW. Cultures were maintained in tcASW in a 14°C incubator and used within 1-3 d. Salts were obtained from Fisher Scientific or Sigma-Aldrich.
Sharp-electrode current-clamp recording. Current-clamp recordings were made using an AxoClamp 2B amplifier (Molecular Devices) and the sharp-electrode, bridge-balanced method. Microelectrodes were pulled from 1.2 mm external, 0.9 mm internal diameter borosilicate glass capillaries (TW120F-4; World Precision Instruments) and had a resistance of 15-30 M⍀ when filled with 2 M K-acetate plus 10 mM HEPES and 100 mM KCl, pH 7.3, with KOH. Recordings were performed in normal artificial sea water (nASW; composition according to tcASW but lacking glucose, penicillin, and streptomycin) or Na ϩ -free ASW (sfASW), where Na ϩ was replaced with N-methyl-D-glucamine (NMDG). For some experiments, the extracellular Ca 2ϩ concentration in the nASW external was increased to produce a high Ca 2ϩ solution by equimolar replacement of CaCl 2 for MgCl 2 (16.5 mM CaCl 2 and 49.5 mM MgCl 2 ). All neurons used had resting potentials of Ϫ50 to Ϫ60 mV and action potentials that overshot 0 mV in response to depolarizing current injection. Current was delivered with a S88 stimulator (Grass). Voltage was filtered at 3 kHz using the Axoclamp built-in Bessel filter and sampled at 2 kHz using an IBM compatible personal computer and a Digidata 1322A analog-to-digital converter and the Clampex acquisition program of pClamp software (v10.2; Molecular Devices).
Whole-cell, voltage-clamp recording. Voltage-clamp recordings were made using an EPC-8 amplifier (HEKA Electronics) and the tight-seal, whole-cell method. Microelectrodes were pulled from 1.5 mm external, 1.2 mm internal diameter borosilicate glass capillaries (TW150F-4, World Precision Instruments) and had a resistance of 1-2 M⍀ when filled with intracellular saline (see below). We found that pipettes in this size range were essential to entirely prevent the enhancement of Ca 2ϩ current by post-whole-cell treatment with PMA. Higher resistance pipettes allowed for modest (ϳ25%) increase in Ca 2ϩ current after PMA post-whole-cell. For recording, pipette junction potentials were nulled, and subsequent to seal formation, pipette capacitive current were cancelled. To facilitate membrane capacitance tracking (see Capacitance tracking, below), series resistance and whole-cell capacitance were usually not compensated. However, when recording Ca 2ϩ current the series resistance (2-5 M⍀) was compensated to 70 -80% while the neuronal capacitance current was cancelled. Current was filtered at 1 kHz by the EPC-8 built-in Bessel filter and sampled at 2 kHz as described in Sharp-electrode current-clamp recording. Clampex was also used to set the holding and command potentials. Ca 2ϩ current were isolated using Ca 2ϩ -Cs ϩ -tetraethylammonium (TEA) ASW, as per tcASW, but with the NaCl and KCl replaced by TEA-Cl and CsCl, respectively, and the glucose and antibiotics omitted (composition in mM: 460 TEA-Cl, 10.4 CsCl, 55 MgCl 2 , 11 CaCl 2 , 15 HEPES, pH 7.8 with CsOH). In some cases, the extracellular Ca 2ϩ concentration was increased to produce a high-Ca 2ϩ solution by equimolar replacement of CaCl 2 for MgCl 2 (16.5 mM CaCl 2 and 49.5 mM MgCl 2 ). Whole-cell recordings used a Cs ϩ -aspartate-based intracellular saline [composition in mM: 70 CsCl, 10 HEPES, 11 glucose, 10 glutathione, 5 EGTA, 500 aspartic acid, 5 ATP (grade 2, disodium salt; A3377, Sigma-Aldrich), and 0.1 GTP (type 3, disodium salt; G8877, Sigma-Aldrich), pH 7.3 with CsOH]. To image Ca 2ϩ (see Calcium imaging, below) under whole-cell voltage-clamp, the intracellular saline was supplemented with 1 mM fura-PE3 (0110; Teflabs) to dye-fill neurons via passive dialysis.
Capacitance tracking. As an indicator of secretion, membrane capacitance was tracked on-line under whole-cell voltage-clamp using the time-domain method in Clampex. Our prior work indicated that this method could consistently detect the Ca 2ϩ -dependent exocytosis of ELH from bag cell neurons (Hickey et al., 2013) . From a holding potential of Ϫ80 mV, pulses of 100 ms duration and 20 mV amplitude were delivered at 0.5-2 Hz. The voltage step evoked voltage-independent current responses, consisting of a fast transient component (reflecting capacitive current) followed by a steady-state component (reflecting membrane current). The change in current (⌬I ) to the ϩ20 mV step (⌬V ) was calculated as the difference between the steady-state current (I ss ) near the end of the step and the baseline current (I b ) before the step: ⌬I ϭ I ss Ϫ I b . The membrane time constant () was derived by fitting a single exponential to the transient current. The charge during the transient current (Q tc ) was determined by integrating the area above I ss for the period of the transient current. A correction factor (Q cf ), to account for the settling time during the step, was calculated as follows: Q cf ϭ ⌬I ϫ . The total charge (Q t ) was then determined by: Q t ϭ Q tc ϩ Q cf . The total resistance (R t ) was calculated as follows: R t ϭ ⌬V/⌬I, whereas access resistance (R a ) was derived from: R a ϭ ϫ ⌬V/Q t . These were used to calculate membrane resistance (R m ) as follows: R m ϭ R t Ϫ R a . Finally, membrane capacitance (C m ) was determined from: C m ϭ Q t ϫ R t /⌬V ϫ R m . To increase the accuracy and improve the signal-to-noise ratio, current traces were cumulatively averaged (5-10 pulses per calculation). The Ϫ80 mV holding potential was chosen to avoid the activation of any voltage-gated Ca 2ϩ channels during the 20 mV step. For the 5 Hz, 5 or 60 s stimuli, membrane capacitance tracking was interrupted at the start of the train and restarted at the end of the stimulus. However, during the 1 Hz, 10 min train, the stimulus was interrupted every ϳ10 s to briefly (ϳ1 s) apply test pulses to assay the development of exocytosis. Intermittent test pulses were not used during the 5 and 60 s stimuli because, unlike the 10 min stimulus, the former were shorter and at a faster frequency, meaning interruption of acquisition would disrupt Ca 2ϩ influx and/or capacitance responses. For presentation, capacitance data were imported to Origin (v. 7.0; OriginLab) and adjacently averaged (5 points). Similar to reports in other cell types (Hsu and Jackson, 1996) a steady negative drift in membrane capacitance was often present. Therefore, for the presentation of some sample traces, the slope of the baseline drift was calculated in pClamp and subtracted from the capacitance measurements. There were no apparent differences in drift magnitude between experimental conditions. Calcium imaging. To perform Ca 2ϩ imaging, fura-PE3 was introduced either by dialysis via the whole-cell pipette during voltage-clamp recordings or by pressure injecting concentrated fura-PE3 (10 mM) with sharpelectrodes using a PMI-100 pressure microinjector (Dagan). For the latter, microelectrodes (as per Sharp-electrode current-clamp, above) had a resistance of 15-20 M⍀ when the tip was filled with 10 mM fura-PE3 then backfilled with 3 M KCL. Injections required 10 -20 0.2 ms pulses at 50 -100 kPa to fill the neurons with an optimal amount of dye, estimated to be 50 -100 M. All neurons used subsequently for imaging showed resting potentials of Ϫ50 to Ϫ60 mV and displayed action potentials that overshot 0 mV following depolarizing current injection (0.5-1 nA, directly from the amplifier). After dye injection, neurons were allowed to equilibrate at least 30 min before recording.
All Ca 2ϩ imaging was performed using a TS100-F inverted microscope (Nikon) equipped with a Nikon Plan Fluor 20ϫ [numerical aperture (NA) ϭ 0.5] or Plan Fluor 40ϫ oil objective (NA ϭ 1.3). The light source was a 75 W Xe arc lamp and a multiwavelength DeltaRAM V monochromatic illuminator (Photon Technology International) coupled to the microscope with a UV-grade liquid-light guide. Excitation wavelengths were 340 and 380 nm. The excitation illumination was controlled by a shutter, which along with the excitation wavelength, was controlled by a computer, a Photon Technology International computer interface, and EasyRatio Pro software (v1.10, Photon Technology International). To allow for continuous image acquisition during experiments, the shutter remained open. Emitted light passed through a 400 nm long-pass dichroic mirror and a 510/40 nm emission barrier filter before being detected by a Photometrics Cool SNAP HQ2 chargecoupled device camera. The ratio of the emission following 340 and 380 nm excitation (340/380) was taken to reflect free intracellular Ca 2ϩ (Grynkiewicz et al., 1985) , and saved for subsequent analysis. Image acquisition, emitted light sampling, and ratio calculations were performed using EasyRatio Pro.
Most Ca 2ϩ measurements were acquired from a somatic region of interest at approximately the midpoint of the vertical focal plane and one-half to three-quarters of the cell diameter. Camera gain was maximized, pixel binning was set at 2, exposure time at each wavelength was fixed to ϳ1 s, and images (696 ϫ 520 pixels) were averaged eight frames per acquisition. During Ca 2ϩ measurements from neurites, pixel binning was set to 4, exposure time at each wavelength was fixed to ϳ1.5 s, and averaged eight frames per acquisition, for an acquisition rate of 1 ratiometric image (348 ϫ 260 pixels) every ϳ3 s. Ratiometric images used for presentation were produced from 340/380 nm images after removing the mean background signal (measured in cell-free areas) from each image.
Immunocytochemistry. Bag cell neurons colabeled with MitoTracker and anti-ELH, were prepared as described in Animals and cell culture, with the exception that neurons were plated onto glass coverslips (no. 1; 48366045; VWR) coated with 1 g/ml poly-L-lysine hydrobromide, MW ϭ 300,000 (P1534 -25MG; Sigma-Aldrich) and glued with Sylgard silicone elastomer (SYLG184; World Precision Instruments) to holes drilled out of the bottom of the tissue culture dish. Before fixation, cells were treated with 500 nM (in DMSO) of the fixable dye MitoTracker Red CMXRos (M-7512; Invitrogen) for 30 min. Subsequently, the dish was drained of all fluid except for the contents of the glass-bottom well and new solutions delivered by Pasteur pipette directly onto the cells. Neurons were fixed for 25 min with 4% (w/v) paraformaldehyde (04042; Fisher Scientific) in 400 mM sucrose/nASW, pH 7.5 with NaOH. They were then permeabilized for 5 min with 0.3% (w/v) Triton X-100 (BP151; Fisher Scientific) in fix and washed twice with PBS (composition in mM: 137 NaCl, 2.7 KCl, 4.3 Na 2 HPO 4 , 1.5 KH 2 PO 4 , pH 7.0 with NaOH). Neurons were blocked for 60 min in a blocking solution of 5% (v/v) goat serum (G9023; Sigma-Aldrich) in PBS. The primary antibody, rabbit anti-ELH IgG (kindly provided by Dr N. L. Wayne, University of California, Los Angeles), was applied at 1:1000 in blocking solution. Neurons were incubated in the dark for 1 h and subsequently washed four times with PBS. The secondary antibody, goat anti-rabbit IgG conjugated to AlexaFluor 488 (A-11008; Invitrogen) was applied at 1:200 in blocking solution and incubated in the dark for 2 h. Neurons were then washed four times with PBS, the wells filled with mounting solution [26% w/v glycerol (BP2291; Fisher Scientific), 11% w/v Mowiol 4-88 (17951; Polysciences), and 110 mM TRIS, pH 8.5], and covered with a glass coverslip. Stained neurons were imaged using the Nikon TS100-F microscope equipped with a Nikon Plan Fluor 20ϫ oil-immersion (NA ϭ 0.75) or Nikon Plan Fluor 100ϫ oil-immersion objective (NA ϭ 1.3). Neurons were excited with a 50 W Hg lamp and a 480/15 nm bandpass filter. Fluorescence was emitted to the eyepiece or camera through a 505 nm dichroic mirror and a 520 nm barrier filter. Images (1392 ϫ 1040 pixels) were acquired at the neurite focal plane using a Pixelfly USB camera (PCO-TECH, Photon Technology International) and the Micro-Manager 1.4.5 plugin for ImageJ 1.43 with 100 -2000 ms exposure times.
Reagents and drug application. Solution exchanges were accomplished by manual perfusion using a calibrated transfer pipette to first exchange the bath (tissue culture dish) solution. In most cases where a drug was applied, a small volume (ϳ4 l) of concentrated stock solution was mixed with a larger volume of saline (ϳ100 l) that was initially removed from the bath, and this mixture was then pipetted back into the bath. Tetrodotoxin citrate (TTX; T-550; Alomone Labs) was dissolved in water as a vehicle. Phorbol 12-myristate 13 acetate (PMA;P8139; Sigma-Aldrich), latrunculin B (Lat B; L5288, Sigma-Aldrich), H-7 (I7016; Sigma-Aldrich), carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP; 21857; Sigma-Aldrich) all required dimethyl sulfoxide (DMSO; BP231, Fisher Scientific) as a vehicle. The maximal final concentration of DMSO was 0.05-0.5% (v/v) which, in control experiments as well as prior work from our laboratory, had no effect on membrane potential, various macroscopic or single channel current, resting intracellular Ca 2ϩ , or Ca 2ϩ transients evoked by action potentials (Lupinsky and Magoski, 2006; Hung and Magoski, 2007; Gardam et al., 2008; Geiger and Magoski, 2008; Tam et al., 2009 Tam et al., , 2011 Hickey et al., 2013) .
Data analysis and statistics. To quantify Ca 2ϩ current magnitude, the peak current of each trace was measured in Clampfit, a program of pClamp, between cursors set at the start and end of the trace, and then divided by whole-cell capacitance. Activation curves were produced by dividing the current elicited at each voltage step by the maximum current elicited during the protocol. This was averaged across cells at a given step voltage, plotted against that voltage, and fit with a Boltzmann equation in Origin. Activation and inactivation time constants were acquired by fitting monoexponential decay functions to the activation and inactivation components of the Ca 2ϩ current. The activation time period was defined as the time from the start of the inward current (after the small capacitance current) to the peak inward current. Conversely, the inactivation period was fitted to the range of time from the peak Ca 2ϩ current to the last measurable point before the end of the depolarizing test pulse and the start of the capacitance artifact. Peak action potential height was measured in a similar fashion as Ca 2ϩ current. To produce group data, the average height of 10 serially evoked action potentials before and after 5-10 min of PMA were compared. To quantify membrane capacitance, Clampfit was used to compare the average value during a steady-state baseline of 30 s to 1 min, with either the peak response following a train of depolarizing stimuli or the average value from a region that had reached peak for 5-30 s. Average values were determined by eye or by setting cursors on either side of the range of interest and calculating the mean of those data points. Change was expressed as a percentage change of the new capacitance over the baseline capacitance. Analysis for Ca 2ϩ imaging data acquired with ImageMaster Pro was performed in Origin. The steady-state value of the baseline 340/380 ratio was compared with the ratio from regions that had reached a peak (340/380 peak Ϫ prestimulus baseline 340/380). Averages of the baseline and peak regions were resolved by eye or with adjacent-averaging (5 points). For presentation, traces were selected that best represented the mean peak Ca 2ϩ or capacitance responses and then aligned at the prestimulus baselines for each condition regardless of their absolute baseline value.
Statistics were performed using Instat (v. 3.0; GraphPad Software). Summary data are presented as the mean Ϯ SEM. The KolmogorovSmirnov method was used to test datasets for normality. If the data were normal, Student's paired or unpaired t test was used to test for differences between two means, while a standard one-way ANOVA with a Tukey multiple-comparisons test was used to test for differences between multiple means. If the data were not normally distributed, a Mann-Whitney U test was used for two means, whereas a Kruskal-Wallis (KW) ANOVA with Dunn's multiple-comparisons test was used for multiple means. Data were considered significantly different at p Ͻ 0.05.
Results

Activation of PKC increases voltage-gated Ca
2؉ current and potentiates exocytosis to an afterdischarge-like stimulus The influence of PKC on ion channel function can be observed in cultured bag cell neurons following microinjection of PKC itself or incubation with the phorbol ester, PMA, which directly activates PKC (Castagna et al., 1982; DeRiemer et al., 1985; Conn et al., 1989b; Sossin et al., 1993) . To confirm this, we evoked action potentials from cultured bag cell neurons using sharp-electrode current-clamp, before and after bath application of 100 nM PMA (n ϭ 4). By ϳ5 min of PMA, action potential height significantly increased for the duration of the recording (Fig. 1A , left and middle). Prior work indicates that PMA enhances action potentials by inducing the rapid, PKC-dependent recruitment of Apl Ca v 2 (Strong et al., 1987; Conn et al., 1989b; Zhang et al., 2008) . The upstroke of the bag cell neuron action potential can also contain a Na ϩ component (Acosta- Urquidi and Dudek, 1980; Fieber, 1995) . To ensure that changes to spike height are mediated by Ca 2ϩ current, we assessed the ability of PMA to enhance spike height in the absence of extracellular Na ϩ (with NMDG ϩ as a substitute). Under these conditions, PMA still augmented action potential height to an extent that reached significance (n ϭ 5; Fig. 1A , right). Next, we confirmed the effect of PMA on Apl Ca v 2 insertion by measuring Ca 2ϩ current isolated under whole-cell voltageclamp with a TEA-and Cs ϩ -based external solution and a Cs ϩ -based intracellular solution. Unless stated otherwise, all subsequent whole-cell voltage-clamp recordings were made using these solutions. Compared with control cells, Ca 2ϩ current caused by a series of 200 ms step depolarizations from Ϫ60 to ϩ 60 mV, was substantially larger in neurons treated with 100 nM PMA for 15 min before establishing whole-cell configuration (Fig. 1B) .
The bag cell neurons secrete ELH and other related peptides from both the soma and the primary neurites, the correlates of the neurosecretory endings in vivo (Frazier et al., 1967; Kaczmarek et al., 1979; Hatcher et al., 2005, Hatcher and Sweedler, 2008; Hickey et al., 2013) . Consistent with a possible role in facilitating hormone output, Apl Ca v 2 ␣-1 subunits appear in both regions after engaging PKC (Zhang et al., 2008) . We assessed the impact of Apl Ca v 2 insertion on stimulus-evoked Ca 2ϩ entry in the neurites and soma by ratiometrically imaging fura-PE3-injected bag cell neurons current-clamped at Ϫ60 mV with somatic sharp-electrode recording. Strong current pulses (15 ms, ϳ6 -8 nA) were used to ensure that action potentials were consistently elicited during train stimuli. To avoid dye saturation, a short 5 Hz, 5 s train of depolarizing current pulses was delivered. Before PMA, the train produced a transient Ca 2ϩ rise in the primary neurites (Fig. 1C) . Within 5-10 min of exposure to 100 nM PMA, there was an ϳ30% enhancement of Ca 2ϩ influx in response to the same train stimulus (n ϭ 12; Fig. 1C ). A similar outcome was also confirmed in the soma (n ϭ 5; Fig. 1C , right).
We next assessed whether PKC could alter secretion from bag cell neurons by tracking membrane capacitance under whole-cell voltage-clamp: a widely used method for assaying plasma membrane area changes caused by vesicle fusion (Neher and Marty, 1982) . To monitor exocytosis in response to physiological-like patterns, neurons were stimulated with a 5 Hz, 60 s train of 75 ms depolarizing steps from Ϫ80 to 0 mV, which mimics the fastphase of the afterdischarge (Kupfermann and Kandel, 1970; . Applying this stimulus to control neurons (treated with DMSO, the vehicle; n ϭ 13) elicited Ca 2ϩ current and an elevation in membrane capacitance that decayed to baseline in 5-10 min (Fig. 1D , left). Previous work by our laboratory and others has demonstrated that this capacitance response reflects the exocytosis of vesicles containing ELH and related peptides (Hatcher et al., 2005; Hickey et al., 2013) . Neurons treated with 100 nM PMA for 15 min before establishing whole-cell configuration (n ϭ 10) showed larger Ca 2ϩ current to the 60 s train and a capacitance rise that was twice the magnitude of control (Fig. 1D , left and right, E).
Whole-cell dialysis disrupts Apl Ca v 2 recruitment
Based on structure, Apl Ca v 1 and Apl Ca v 2 belong to the Ca v 1 and Ca v 2 voltage-gated Ca 2ϩ channel ␣-1 subunit families, respectively (White and Kaczmarek, 1997) . Unlike their vertebrate counterparts, macroscopic current mediated by the Apl Ca v 1 and Apl Ca v 2 ␣-1 subunits have similar kinetics, voltage dependence, and pharmacological sensitivity (McCleskey et al., 1987; Strong et al., 1987; Fieber, 1995) . Nevertheless, these channels can be distinguishing based on their sensitivity to whole-cell recording conditions. Performing whole-cell dialysis before, but not after engaging PKC with PMA, prevents the detection of Apl Ca v 2 Ca 2ϩ current (DeRiemer et al., 1985; Strong et al., 1987) , which may be expected given that Apl Ca v 2 transitions from an intracellular pool to a membrane ion channel. In contrast, whole-cell recording does not disrupt other PMA-induced forms of ion channel modulation in the bag cell neurons, including Ca 2ϩ -activated K ϩ and nonselective cation channels (Zhang et al., 2002; Tam et al., 2011) . Despite early reports, a thorough analysis of this effect on macroscopic Ca 2ϩ current has yet to be published; therefore, we used step depolarizations to systematically assay the current-voltage relationship of Ca 2ϩ current when PKC is triggered before or after whole-cell dialysis. The chronology of drug treatments with respect to the establishment of whole-cell recordings is shown in Figure 2A . Neurons in DMSO (n ϭ 20), which lack PKC activity and use only Apl Ca v 1, presented moderately sized Ca 2ϩ current ( Fig. 2A, top , B, top, C). To engage PKC and Apl Ca v 2, other neurons were treated with 100 nM PMA for 15 min before whole-cell breakthrough (n ϭ 21). As in Figure 1 , the resulting Ca 2ϩ current was much larger than control ( Fig. 2A, middle , B, middle, C). In contrast, triggering PKC in the absence of Apl Ca v 2 mobilization, by applying PMA for 15 min subsequent to obtaining whole-cell configuration (n ϭ 9), resulted in Ca 2ϩ current that was essentially identical to control ( Fig. 2A, bottom, B , bottom, C). We also elucidated the impact of PKC activation post-whole-cell by monitoring the change in peak Ca 2ϩ current elicited by 0.03 Hz, 75 ms pulses to 0 mV from Ϫ60 mV. Unlike the influence of PMA on action potential height and Ca 2ϩ influx measured with sharpelectrode, even several minutes after introducing PMA (n ϭ 5), the Ca 2ϩ current remained constant under whole-cell conditions (Fig. 2D) .
Prior work from others and our laboratory indicates that, aside from a general enhancement of Ca 2ϩ current, there is little apparent change in the voltage dependence or kinetics of macroscopic Ca 2ϩ current after Apl Ca v 2 is engaged. Using the Ca 2ϩ current presented in Figures 1C and 2C , we assessed the voltage dependence of activation for cells treated with either DMSO, PMA pre-whole-cell, or PMA post-whole-cell. An I/I max plot was created, where Ca 2ϩ current for each condition was normalized to the largest current evoked during the pulse protocol (typically 0 or ϩ10 mV) and plotted against test pulse voltage. After fitting a Boltzmann function to each curve, it was apparent that PMA pre-whole-cell and PMA post-whole-cell were slightly left-shifted Figure 1 . PMA-induced membrane insertion of Apl Ca v 2 channels is associated with an enhancement of exocytosis in cultured bag cell neurons. A, Left, Midde, Action potentials from a cultured bag cell neuron bathed in nASW stimulated under sharp-electrode current-clamp increase in height within ϳ5 min of 100 nM PMA addition. Right, Group data show that PMA significantly increases peak action potential height when the extracellular solution is either Na ϩ -containing (nASW) or Na ϩ -free (sfASW; NMDG ion substituted; paired Student's t test for both). Data represent the mean Ϯ SEM with the number of neurons (n) indicated within bar graphs. B, Whole-cell voltage-clamp recordings of voltage-gated Ca 2ϩ current evoked from bag cell neurons by 200 ms square pulses from a holding potential (HP) of Ϫ60 to ϩ60 mV in 10 mV increments using Ca 2ϩ -Cs ϩ -TEA-based external and Cs ϩ -based intracellular solutions. Compared with a neuron exposed to DMSO (top), a second neuron treated with 100 nM PMA for ϳ15 min (bottom), before establishing whole-cell configuration, shows elevated Ca 2ϩ current due to Apl Ca v 2 recruitment supplementing the basal Apl Ca v 1 current. C, Left, Ca 2ϩ influx in a distal neurite measured by the change in the emission intensity with 340/380 excitation following action potentials initiated from the soma by a 5 Hz, 5 s train of depolarizing current pulses under sharp-electrode current-clamp. In control, the train of action potentials produces a moderate rise in neurite Ca 2ϩ . After engaging Apl Ca v 2 channels with ϳ5 min of PMA, the same stimulus causes a substantially larger peak Ca 2ϩ influx. Middle, Phase (top) and fluorescent (bottom) images of a fura-PE3-injected cultured bag cell neuron and the region-of-interest (ROI) in the distal neurite used for quantitation. Right, Summary data showing peak 340/380 rise during train stimuli normalized to the response in the pre-PMA condition. In both regions, the peak 340/380 ratio during the 5 s train is significantly increased by PMA (paired Student's t test for both). D, Top, To monitor exocytosis, bag cell neurons are whole-cell voltage-clamped at Ϫ80 mV while membrane capacitance is tracked before and after a 5 Hz, 60 s train of 75 ms steps from Ϫ80 to 0 mV. The break in the capacitance record corresponds to the train application. Left, In control (DMSO) neurons, stimulation opens only basal Apl Ca v 1 current (bottom) and evokes a moderate rise in membrane capacitance. Right, Neurons in which Apl Ca v 2 current (bottom) is recruited by ϳ15 min of PMA pre-whole-cell show a much larger capacitance change to the 60 s train. E, The mean peak percentage change in capacitance to the train-stimulus is significantly larger following PMA pre-whole-cell versus DMSO-treated cells (Mann-Whitney U test). in voltage dependence of activation, as indicated by the V 1/2 of activation (DMSO V 1/2 : Ϫ11.3 mV; PMA pre-whole-cell: Ϫ14.4 mV; PMA post-whole-cell: Ϫ14.7 mV; Fig. 2E ). The k values indicated a subtle decrease in the voltage sensitivity in cells treated with PMA post-whole-cell (k ϭ 5.1) but not PMA prewhole-cell (k ϭ 3.9) compared with DMSO (k ϭ 3.8). Ca 2ϩ current kinetics at 0 mV were also assessed by fitting the activation and inactivation components with mono-exponential functions. The time constants acquired from each fit showed that the activation or inactivation kinetics of current were not significantly different between cells treated with either DMSO, PMApre-whole-cell, or PMA post-whole-cell (Fig. 2F ) .
Disrupting Apl Ca v 2 recruitment with whole-cell dialysis prevents the PMA-dependent facilitation of train-evoked exocytosis Because Ca 2ϩ influx is required for secretion, we next evaluated the impact of disrupting Apl Ca v 2 insertion on somatic Ca 2ϩ entry by ratiometrically recording from fura-PE3-loaded bag cell neurons under whole-cell voltage-clamp. Ca 2ϩ entry was initiated by delivering a 5 Hz, 5 s train of 75 ms steps to 0 mV from Ϫ80 mV. In DMSO (n ϭ 13), opening Apl Ca v 1 channels with this train produced a transient rise in intracellular Ca 2ϩ followed by recovery to baseline (Fig. 3A, left, B) . After engaging Apl Ca v 2 with 100 nM PMA for 15 min pre-whole-cell (n ϭ 9), the 5 s train produced a more prominent Ca 2ϩ rise than control (Fig. 3A,  middle, B) . Conversely, neurons treated with PMA for 15 min post-whole-cell (n ϭ 13) presented Ca 2ϩ changes similar to DMSO (Fig. 3A, right, B) . Interestingly, cells incubated in PMA pre-whole-cell had a prestimulus baseline 340/380 ratio (0.30 Ϯ 0.027) that was significantly larger than in PMA post-whole-cell (0.22 Ϯ 0.005) but not DMSO control (0.23 Ϯ 0.007; H ϭ 8.97, df ϭ 2, p Ͻ 0.02, KW one-way ANOVA; DMSO vs PMA prewhole-cell, p Ͼ 0.05; DMSO vs PMA post-whole-cell, p Ͼ 0.05; PMA pre-whole-cell vs PMA post-whole-cell p Ͻ 0.01; Dunn's multiple-comparisons test). This may suggest that the basal Ca 2ϩ entry of bag cell neurons ) was modestly greater in PMA pre-whole-cell because of inserted Apl Ca v 2 channels. To confirm the involvement of PKC in the PMAdependent changes in train-evoked Ca 2ϩ signals, we repeated these experiments in the presence of H-7, a selective inhibitor of PKC in bag cell neurons (Conn et al., 1989a) . Neurons exposed to 100 M H-7 for 15 min before PMA pre-whole-cell (n ϭ 10) showed moderate train Ca 2ϩ responses, similar to those measured from cells administered H-7 alone (n ϭ 11) or H-7 plus PMA post-whole-cell (n ϭ 9; Fig. 3C,D) .
The influence of PMA on processes independent of Apl Ca v 2 enlistment was also determined by monitoring basal Ca 2ϩ during the introduction of PMA post-whole-cell. PMA had no apparent effect on resting Ca 2ϩ for the ϳ10 min recording period (⌬340/ 380 at 5 min post-PMA: 0.0038 Ϯ 0.00381, n ϭ 7). Only occasionally (2/7 cells) was there a slow and small elevation in intracellular Ca 2ϩ (ϳ0.01 and ϳ0.02 ⌬340/380). Furthermore, measurement of membrane capacitance during PMA postwhole-cell showed no detectable change (n ϭ 12). It may also be possible that, with the absence of extracellular Na ϩ , the enhancement of train Ca 2ϩ by PMA is mediated by Ca 2ϩ entry via Na ϩ channels. Thus, we examined the sensitivity of train-evoked Ca 2ϩ responses to Na ϩ channel blockade with 1 M TTX, a concentration that entirely occludes bag cell neuron Na ϩ current (Fieber, 1995) , following PMA-elicited potentiation of Ca 2ϩ entry. A 5 min application of TTX had no significant impact on the peak Ca 2ϩ responses during the 5 Hz, 5 s train compared with PMA pre-whole-cell alone (⌬340/380 PMA pre-whole-cell: 0.070 Ϯ 0.023, n ϭ 8; ⌬340/380 PMA pre-whole-cell ϩ TTX ϭ 0.072 Ϯ 0.038, n ϭ 8; p ϭ 0.72; Mann-Whitney U test).
Although the sensitivity of Apl Ca v 2 to whole-cell dialysis could be considered an experimental barrier, we used it as a tool for the present study. Aside from enhancing Ca 2ϩ influx, it is feasible that PKC promotes peptide secretion by changing the readily releasable pool, peptide vesicle trafficking, or Ca 2ϩ -sensitivity of secretion (Gillis et al., 1996; Yang et al., 2002; Zhu et al., 2002) . As mentioned, in the bag cell neurons the activity of PKC itself is not altered by recording conditions (Zhang et al., 2002; Tam et al., 2011) . Thus, whole-cell dialysis is ideal for examining these possibilities, as it selectively prevents Apl Ca v 2 recruitment while allowing PKC to act on other targets. To examine whether PKC facilitates peptide secretion, independent of Apl Ca v 2, capacitance responses to a 5 Hz, 60 s train were measured in neurons given 100 nM PMA before or after establishing whole-cell mode. As previously demonstrated, neurons treated with 100 nM PMA pre-whole-cell (n ϭ 23) present a substantial augmentation of capacitance responses to the 60 s train relative to control cells (n ϭ 19; Fig. 3E , left vs middle). Conversely, cells in which PKC was engaged in the absence of Apl Ca v 2 mobilization (PMA post-whole-cell; n ϭ 18) showed capacitance changes that were indistinguishable from control conditions (Fig. 3E, left vs  right) . This was reflected in the summary data, which showed that PMA pre-whole-cell, but not post-whole-cell, significantly increased the percentage change in membrane capacitance to the 60 s train relative to control (Fig. 3F ) .
The facilitation of train-evoked exocytosis by Apl Ca v 2 recruitment relies on the actin cytoskeleton The dynamic rearrangement of the actin cytoskeleton by protein kinases is known to modulate secretion, typically by changing the availability of vesicles for release (Malacombe et al., 2006) . Because the rapid insertion of ion channels and transporters into the plasma membrane is also mediated by interactions with the actin cytoskeleton, a similar mechanism may be at work for Ca 2ϩ channels (Tong et al., 2001; Gu et al., 2010) . PKC activation causes Apl Ca v 2 to associate with actin and insert into the membrane through a process that requires actin polymerization (Zhang et al., 2008) . We confirmed this by measuring the impact 4 (Figure legend continued. ) allows for the measurement of Apl Ca v 2 current, as insertion has previously occurred. Bottom, Applying PMA to neurons after whole-cell mode is achieved, activates PKC, but is unable to marshal Apl Ca v 2 channels. C, The summary current-voltage relationship of peak Ca 2ϩ current density from neurons exposed to PMA post-whole-cell is not significantly different from control, but is significantly smaller than PMA pre-whole-cell ( p Ͻ 0.05, KW one-way ANOVA; *p Ͻ 0.05, Dunn's multiple-comparisons test for Ϫ10, 0, 10, 30 mV; p Ͻ 0.05, one-way ANOVA; *p Ͻ 0.05 Tukey-Kramer multiple-comparisons test for 20 mV). D, Plot of peak Ca 2ϩ current elicited by 0.03 Hz, 75 ms pulses from Ϫ60 to 0 mV, normalized to the first current, during addition of PMA post-whole-cell. There is no significant difference between 0 and 7.5 min (insets) after PMA ( p ϭ 0.649, paired Student's t test). E, Activation curve for Ca 2ϩ current presented in C. Current is normalized to maximum current, plotted against test pulse voltage, and then fit with a Boltzmann function. As indicated by the V 1/2 values, compared with DMSO control, there is a slight leftward shift in activation for cells treated with PMA pre-whole-cell and PMA post-whole-cell. The k values also suggest a small change in voltagesensitivity for PMA post-whole-cell between the conditions. F, Summary graphs of activation ( act ) and inactivation ( inact ) time constants for Ca 2ϩ current at 0 mV from the neurons presented in C. There is no significant difference in either the activation (left; H ϭ 4.6, df ϭ 2, p Ͼ 0.05, KW one-way ANOVA) or inactivation (right; F (2,45) ϭ 4.8, p Ͼ 0.05, one-way ANOVA) between neurons exposed to DMSO, PMA pre-whole-cell, or PMA post-whole-cell. The discrepancy in n values between this panel and C, E is due to the exclusion of a small number of neurons that present currents poorly fit by the exponential functions. Neurons were given 10 M Lat B for 60 min before 100 nM PMA for 15 min pre-whole-cell. Compared with neurons only exposed to PMA pre-whole-cell (n ϭ 11), Lat B plus PMA (n ϭ 10) resulted in a significantly smaller peak Ca 2ϩ influx during the 5 Hz, 5 s train (Fig. 4 A, B) . However, in neurons not administered PMA, 60 min of Lat B did not alter the peak Ca 2ϩ rise prompted by Apl Ca v 1 during the 5 s train (DMSO ⌬340/380: 0.139 Ϯ 0.068, Figure 3 . Disrupting the PKC-dependent Apl Ca v 2 recruitment by prior whole-cell establishment prevents PMA from facilitating secretion to train stimuli. A, Inset, Phase (top) and fluorescent (bottom) images of a neuron filled with fura-PE3 and the somatic ROI used for quantification. Left, In control, a 5 Hz, 5 s train of 75 ms pulses from Ϫ80 to 0 mV produces a moderate rise in somatic Ca 2ϩ . Middle, After engaging Apl Ca v 2 channels with ϳ15 min 100 nM PMA pre-whole-cell, the 5 s train evokes a more prominent Ca 2ϩ rise. Right, Conversely, treating neurons with ϳ15 min of PMA post-whole-cell does not enhance Ca 2ϩ influx. B, PMA pre-whole-cell, but not PMA post-whole-cell, significantly increases the peak change in the 340/380 ratio during the 5 s train relative to DMSO (H ϭ 11.5, df ϭ 2, p Ͻ 0.004, KW one-way ANOVA; *p Ͻ 0.05, Dunn's multiple-comparisons test). C, Intracellular Ca 2ϩ measurements during a 5 s train in neurons provided with 100 M of the PKC inhibitor, H-7, for 15 min before either DMSO (left), PMA pre-whole-cell (middle), or PMA post-whole-cell (right). After H-7, neurons administered PMA pre-whole-cell show similar Ca 2ϩ responses as cells given DMSO ϩ H-7 or PMA pre-whole-cell ϩ H-7. D, With prior H-7 exposure, PMA pre-whole-cell application does not significantly alter the peak change in the 340/380 ratio compared with H-7 or H-7 ϩ PMA pre-whole-cell alone (H ϭ 1.37, df ϭ 2, p Ͼ 0.05, KW one-way ANOVA). E, Capacitance tracking under voltage-clamp at Ϫ80 mV before and after a 5 Hz, 60 s train of 75 ms pulses from Ϫ80 to 0 mV, from three different neurons provided ϳ15 min of DMSO (left), PMA pre-whole-cell (middle), or PMA post-whole-cell (right). Unlike neurons treated with PMA pre-whole-cell, activating PKC post-whole-cell fails to strengthen the capacitance response compared with control. F, Neurons in PMA pre-whole-cell present a significantly larger percentage change in capacitance to the 60 s train than to DMSO or PMA post-whole-cell (H ϭ 12.8, df ϭ 2, p Ͻ 0.002, KW one-way ANOVA; *p Ͻ 0.05, Dunn's multiple-comparisons test). A, Neurons provided 100 nM PMA pre-whole-cell for ϳ15 min show a large rise in intracellular Ca 2ϩ during a 5 Hz, 5 s train of 75 ms pulses from Ϫ80 to 0 mV, which is lessened in cells bathed for 60 min in 10 M Lat B before PMA. B, Lat B before PMA pre-whole-cell significantly reduces the response to the 5 s train versus cells provided PMA pre-whole-cell alone (unpaired Mann-Whitney U test). C, Left, Delivery of a 5 Hz, 60 s train of 75 ms pulses from Ϫ80 to 0 mV following PMA pre-whole-cell elicits a large capacitance response. Right, A neuron incubated in Lat B for 60 min before ϳ15 min PMA pre-whole-cell presents a modest capacitance response. D, The percentage change in the 60 s train-induced capacitance response after PMA pre-whole-cell is significantly reduced by prior introduction of Lat B (unpaired one-tailed Mann-Whitney U test). E, Left, Capacitance response to the 60 s train from a neuron provided PMA-post-whole-cell. Right, 60 min treatment with Lat B before delivering PMA post-whole-cell does not impact the capacitance response relative to control. F, Compared with cells incubated in PMA post-whole-cell alone, giving Lat B first fails to significantly alter the peak capacitance rise to the 60 s train (unpaired Mann-Whitney U test). n ϭ 8; Lat B ⌬ 340/380: 0.116 Ϯ 0.049, n ϭ 6; p ϭ 0.75, MannWhitney U test).
Having established a role for actin in Ca 2ϩ influx potentiation, we next explored the impact of Lat B on peptide secretion with capacitance tracking. Compared with neurons given PMA pre-wholecell alone (n ϭ 11), incubation with Lat B (n ϭ 8) for 60 min before PMA pre-whole-cell substantially reduced capacitance responses to the 5 Hz, 60 s train (Fig. 4C, 5D ). In contrast, disrupting the actin cytoskeleton with Lat B in the absence of PKC had no measurable effect on the capacitance changes evoked by the train (DMSO %⌬C m : 5.12 Ϯ 1.2, n ϭ 11; Lat B %⌬C m : 5.62 Ϯ 1.5, n ϭ 9; p ϭ 0.79, Student's t test). It is also possible that Lat B reduces secretion in PMA-treated neurons by altering other kinase-dependent processes not involved with Apl Ca v 2, but requiring actin polymerization. Hence, the impact of Lat B on secretion was examined in neurons subjected to PMA post-whole-cell to activate PKC in the absence of channel insertion. Applying a 60 s train to neurons exposed to Lat B for 60 min before breakthrough, and followed by 15 min of PMA post-whole-cell (n ϭ 7), produced capacitance responses nearly identical to cells administered only PMA post-whole-cell (n ϭ 9; Fig.  4E,F) .
The recruitment of Apl Ca v 2 reduces the duration and frequency of stimulation necessary for triggering measurable exocytosis
The onset of neuropeptide secretion often requires a threshold level of Ca 2ϩ entry that is obtained through either high-frequency or prolonged firing (Peng and Zucker, 1993; Soldo et al., 2004; Hickey et al., 2013) . This is attributed to either the distance between vesicles and Ca 2ϩ channels, a low-affinity Ca 2ϩ receptor, or multiple Ca 2ϩ -dependent priming steps (Thomas et al., 1993; Neher, 1998) . As PKC enhances the Ca 2ϩ current per action potential, the duration and/or frequency of stimulation required to overcome the Ca 2ϩ threshold for secretion should be reduced. We tested this possibility by using a 5 s stimulus that was normally subthreshold for exocytosis. In contrast to the 60 s train, stopping the stimulus after 5 s resulted in little-to-no change in capacitance of DMSO-treated neurons (n ϭ 8; Fig. 5A, left, B) . However, the same 5 s stimulus in neurons exposed to 100 nM PMA for 15 min pre-whole-cell to engage Apl Ca v 2 (n ϭ 7), resulted in a substantial elevation in capacitance (Fig. 5A, middle,  B) . When PKC was activated post-whole-cell, the 5 s stimulus produced a capacitance change similar to control (n ϭ 12; Fig.  5A, right, B) .
After the fast-phase of the afterdischarge, action potential frequency falls to ϳ1 Hz for up to 30 min (Kupfermann and Kandel, 1970) . To verify whether a slow-phase-like pattern would reach the Ca 2ϩ threshold for secretion, we looked at the effectiveness of a long (10 min) 1 Hz train of 75 ms depolarizing steps from Ϫ80 to 0 mV to change capacitance. As this train is protracted, the development of exocytosis was measured by monitoring capacitance approximately every 10 s for ϳ1 s periods. In DMSO (n ϭ 7), neurons presented a minimal capacitance response for the produces little-to-no change in capacitance. Middle, After ϳ15 min incubation in 100 nM PMA pre-whole-cell to recruit Apl Ca v 2, the same train evokes a robust elevation in capacitance. Right, Delivering the 5 s train to neurons treated for ϳ15 min with PMA post-whole-cell, to activate PKC in the absence of Apl Ca v 2 engagement, does not increase the capacitance response. B, Relative to control, the mean peak percentage change in capacitance following the 5 s train is significantly larger after PMA pre-whole-cell, but not PMA post-whole-cell (H ϭ 8, df ϭ 2, p Ͻ 0.02, KW one-way ANOVA; *p Ͻ 0.05, Dunn's multiple-comparisons test). C, Left, In DMSO, triggering Apl Ca v 1 current with a 1 Hz, 10 min train of 75 ms steps from Ϫ80 to 0 mV, to mimic the slow phase of the afterdischarge, causes essentially no capacitance change. The dotted line reflects the stimulus being interrupted every 10 s to monitor capacitance. Middle, After application of PMA pre-whole-cell to recruit Apl Ca v 2, the same 10 min train prompts a rise in capacitance which plateaus by the end of the stimulus. Right, Activating PKC in the absence of Apl Ca v 2 (PMA post-whole-cell) results in a much smaller capacitance rise. D, Compared with control, the mean peak percentage change in membrane capacitance during the 10 min train is significantly larger in cells treated with PMA pre-whole-cell but not post-whole-cell (H ϭ 8.1, df ϭ 2, p Ͻ 0.02, KW one-way ANOVA; *p Ͻ 0.05, Dunn's multiple-comparisons test). show large current that is not significantly different from neurons recorded in normal Ca 2ϩ (11 mM) and provided with PMA pre-whole-cell (all voltages unpaired Student's t test). All subsequent Ca 2ϩ imaging and capacitance tracking data are acquired from these control and test groups. C, After incubation with PMA post-whole-cell (right), a 5 Hz, 5 s train of 75 ms pulses from Ϫ80 to 0 mV in high Ca 2ϩ produces a Ca 2ϩ signal only slightly smaller than that of neurons in normal Ca 2ϩ with Apl Ca v 2 recruitment due to PMA pre-whole-cell (left). Insets, Whole-cell Ca 2ϩ current, elicited as per Figure 1C , acquired from those neurons selected for display of train Ca 2ϩ signals. D, Summary data show that the peak change in 340/380 during the 5 s train is not significantly different between PMA pre-whole-cell in normal Ca 2ϩ and PMA post-whole-cell in high Ca 2ϩ (unpaired Student's t test). E, Capacitance tracking taken simultaneously with the intracellular Ca 2ϩ measurements from cells presented in C. In a neuron given PMA post-whole-cell and bathed in high Ca 2ϩ (right), the 5 s train evokes only a small rise in capacitance compared with a cell in normal Ca 2ϩ and treated with PMA pre-whole-cell (left). F, The mean peak percentage change in membrane capacitance following the 5 s train between the two conditions is significant (unpaired Student's t test) . duration of the 10 min train (Fig. 5C, left, D) . By contrast, initiating the train in neurons provided 100 nM PMA pre-whole-cell for 15 min (n ϭ 10), produced an increase in capacitance within 10 -20 s, which plateaued by the end of the stimulus (Fig. 5C , middle, D). Neurons exposed to PMA post-whole-cell (n ϭ 7), to engage PKC in the absence of Apl Ca v 2, showed only a small elevation in capacitance during the 10 min train (Fig. 5C, right, D) .
The insertion of Apl Ca v 2 increases excitation-secretion coupling
Because of its profound impact on secretion, we investigated whether Apl Ca v 2 insertion strengthens the efficacy of excitationsecretion coupling. To first control for the fact that Ca 2ϩ current from cells using both Apl Ca v 2 and Apl Ca v 1 are larger than current from cells using only Apl Ca v 1, the latter were amplified by elevating extracellular Ca 2ϩ (Fig. 6A) . Cells bathed in normal external Ca 2ϩ (11 mM) and given PMA pre-whole-cell to marshal Apl Ca v 2 (n ϭ 12) exhibited large Ca 2ϩ current that was not significantly different from cells in high-Ca 2ϩ external (16.5 mM) and given 100 nM PMA post-whole-cell (n ϭ 12; Fig. 6B ). Because PKC was active in both cases, ostensibly, the only difference between these two groups was the presence of functional Apl Ca v 2 at the membrane.
If enhancing Ca 2ϩ influx through Apl Ca v 1 fails to result in the same level of release as a combination of Apl Ca v 1 and Apl Ca v 2, it would suggest that Apl Ca v 2 increases coupling to secretion. Therefore, these neurons were tested for the efficacy of the 5 Hz, 5 s train to elicit Ca 2ϩ changes and exocytosis. The peak intracellular Ca 2ϩ rise during the 5 s train in neurons with Apl Ca v 1 and recruited Apl Ca v 2 channels (PMA pre-whole-cell) in normal Ca 2ϩ (n ϭ 12) were only slightly larger, and not statistically different from cells using only Apl Ca v 1 channels (PMA post-whole-cell) in high Ca 2ϩ (n ϭ 12; Fig. 6C,D) . However, even with similar Ca 2ϩ current and influx, exocytosis was markedly different between conditions. Large capacitance responses were evoked by the 5 s train in neurons using Apl Ca v 1 and Apl Ca v 2 (PMA pre-whole-cell; n ϭ 12; Fig. 6E, left) . Conversely, neurons using only Apl Ca v 1 (PMA post-whole-cell) in high Ca 2ϩ (n ϭ 12) displayed minimal exocytosis resembling that in standard Ca 2ϩ conditions (Fig. 6E, right, F ) . High-external Ca 2ϩ can inhibit PKC signaling in other systems (Kobayashi et al., 1988) . Thus, it may be possible that secretion was smaller in the high-Ca 2ϩ simply because PMA was unable to elicit PKC-dependent processes (independent of Apl Ca v 2 engagement). This was ruled out by assessing whether highCa 2ϩ external can occlude the enhancement of train-evoked secretion by PMA. Even in the presence of high-Ca 2ϩ external, PMA pre-whole-cell (%⌬ C m ϭ 2.00 Ϯ 0.51) significantly increased 5 s train-evoked secretion relative to cells exposed to DMSO (%⌬ C m ϭ 0.50 Ϯ 0.41) or PMA post-whole-cell (%⌬ C m ϭ 0.74 Ϯ 0.34; H ϭ 9.5, df ϭ 2, p ϭ 0.0090, KW one-way ANOVA; DMSO vs PMA pre-whole-cell, p Ͻ 0.05; DMSO vs PMA post-whole-cell, p Ͼ 0.05; PMA pre-whole-cell vs PMA post-whole-cell p Ͻ 0.05; Dunn's multiple-comparisons test).
Dissociation of Apl Ca v 2 from train-evoked secretion in cohorts of silent bag cell neurons
The coupling of voltage-gated Ca 2ϩ influx to secretion undergoes both developmental and state-dependent changes (Elhamdani et al., 1998; Fedchyshyn and Wang, 2005) . As reproduction in Aplysia is a developmentally and seasonally regulated behavior (Berryl., 1982; Nick et al., 1996a,b) , similar variations may occur in the bag cell neurons, possibly by altering Apl Ca v 1 activity, Apl Ca v 2 insertion by PKC, or the coupling of Apl Ca v 2 to secretion. Animals that are not laying eggs yield bag cell neurons that show very low levels of secretion in response to Apl Ca v 1 Ca 2ϩ current during the fast-phase-like 5 Hz, 60 s train (Hickey et al., 2013) . In the present study, we designated these neurons as silent, compared with secretory competent cells from reproductively active animals. The underlying cause for this absence of secretion is unknown; therefore, we compared capacitance responses and train Ca 2ϩ entry in silent and competent bag cell neurons. In response to a 5 Hz, 60 s train, competent neurons (n ϭ 13; reproduced from the dataset depicted in Fig. 1E, white bar) exhibited a large rise in membrane capacitance (Fig. 7A, left, C) . Conversely, silent cells (n ϭ 11) presented almost no measurable change in capacitance following the train (Fig. 7A, middle, C) . Moreover, in competent neurons (n ϭ 13), the peak somatic Ca 2ϩ signal during the train was expectedly large (Fig. 7B, left, D) , whereas silent cells (n ϭ 11) showed less robust changes in intracellular Ca 2ϩ (Fig. 7B, middle, D) . Furthermore, the resting membrane capacitance of silent neurons used was nearly a fold smaller than competent cells (secreting cohort, C m ϭ 746.0 Ϯ 80.5 pF, n ϭ 13; silent cohort: C m : 351.8 Ϯ 38 pF, n ϭ 19; p Ͻ 0.0001, MannWhitney U test). This aligns with reports in mammals showing that neuroendocrine cells are often markedly smaller during periods of disuse (Lin et al., 1996; de Kock et al., 2003) .
In competent cells, Apl Ca v 2 augments Ca 2ϩ influx and is strongly coupled to secretion. We tested whether a similar arrangement is present in silent neurons by engaging Apl Ca v 2 in an attempt to rescue train-evoked exocytosis. However, a 15 min incubation with 100 nM PMA pre-whole-cell did not confer measurable secretion to the 60 s train (n ϭ 8; Fig. 7A, right, C) . Interestingly, the failure of PMA to rescue secretion did not arise from an inability to marshal Apl Ca v 2, as these silent cells showed enhanced Ca 2ϩ influx that was nearly equal to that of competent cells which used only Apl Ca v 1 (n ϭ 8; Fig. 7B, right, D) .
PKC activation facilitates slow secretion evoked by mitochondrial Ca
2؉ release The results thus far suggest that PKC enhances train-evoked secretion solely through the recruitment of Apl Ca v 2. This is supported by the fact that PMA has no impact on stimulusdependent capacitance responses once the insertion of Apl Ca v 2 has been prevented by whole-cell dialysis. To further test for any secondary effects of PKC we measured the impact of PMA on slow sustained secretion triggered by intracellular Ca 2ϩ release from mitochondria.
In the bag cell neurons, one of the primary intracellular Ca 2ϩ stores is provided by mitochondria, which are implicated in ELH secretion during the afterdischarge (Michel and Wayne, 2002; Geiger and Magoski, 2008; Groten et al., 2013; Hickey et al., 2013) . In other neurons, mitochondria localize to regions of transmitter release (Sheng and Cai, 2012) . Therefore, we first evaluated the spatial relationship between mitochondria and ELH in cultured bag cell neurons. Neurons were exposed to the vital dye, MitoTracker Red, to label mitochondria, then subsequently fixed and stained with rabbit anti-ELH. Both Mitotracker and ELH staining were abundant in the soma and the primary neurites (n ϭ 16; Fig. 8 A, B) . To trigger intracellular Ca 2ϩ release from the mitochondria, neurons were exposed to FCCP. This protonophore collapses the mitochondrial membrane potential and liberates stored Ca 2ϩ to initiate secretion in bag cell neurons and chromaffin cells (Heytler and Prichard, 1962; Miranda-Ferreira et al., 2009; Hickey et al., 2013) . Administering 20 M FCCP to neurons pro-duced a slow, but substantial rise in somatic Ca 2ϩ that was not modified by 100 nM PMA post-whole-cell (control n ϭ 8; PMA n ϭ 7; Fig. 8C ). Yet, capacitance responses were strikingly different between the conditions. In control neurons (n ϭ 13), FCCP prompted a slow-onset rise in capacitance which typically peaked after several minutes (Fig. 8D) . Conversely, neurons given PMA post-whole-cell (n ϭ 9) showed a larger and more prolonged capacitance response to FCCP (Fig. 8D) . A, Left, Most animals yield secretory competent neurons which, following DMSO treatment, demonstrate prominent exocytosis to a 5 Hz, 60 s train of 75 ms pulses from Ϫ80 to 0 mV. Middle, Other animals, in which egg-laying behavior is absent, produce secretory silent neuronal cohorts that show essentially no change in capacitance to the 5 Hz, 60 s train, again following DMSO. Right, In a silent neuron, a 15 min treatment with 100 nM PMA pre-whole-cell is ineffective at restoring the train-evoked capacitance response. B, The somatic Ca 2ϩ rise during a 60 s train in a silent cell (DMSO; middle) is substantially smaller than in a secreting cell (DMSO; left). PMA pre-whole-cell markedly heightens the peak train Ca 2ϩ response in a silent neuron (right). C, Summary data show a significantly smaller train-evoked peak percentage increase in capacitance between competent (DMSO; reproduced from control of Fig. 1 ) and silent cells in the absence (DMSO) or presence of PMA pre-whole-cell. Moreover in silent cells, PMA exposure pre-whole-cell did not significantly increase capacitance responses relative to DMSO control (H ϭ 14.8, df ϭ 2, p Ͻ 0.006, KW one-way ANOVA; *p Ͻ 0.05, Dunn's multiplecomparisons test). D, Peak Ca 2ϩ rise during the train in DMSO-treated silent cells is significantly smaller than responses measured from secreting cells (DMSO) or silent cells exposed to PMA pre-whole-cell (H ϭ 8.23, df ϭ 2, p Ͻ 0.02, KW one-way ANOVA; *p Ͻ 0.05, Dunn's multiple-comparisons test). 's t test) . D, Left, In DMSO (light trace), capacitance tracking at Ϫ80 mV reveals that freeing mitochondrial Ca 2ϩ causes a slow and lengthy rise in capacitance which is augmented by PMA post-whole-cell (dark trace). Right, The peak percentage change in capacitance to FCCP is significantly larger (Figure legend continues.) These findings suggest that, unlike secretion triggered by voltage-gated Ca 2ϩ entry secretion initiated by mitochondrial Ca 2ϩ release is sensitive to PMA post-whole-cell. The difference in PMA-sensitivity may be attributable to differences in the temporal or spatial properties of the Ca 2ϩ signals from Apl Ca v 1 channels and mitochondria. Although we have demonstrated the slow kinetics of mitochondrial Ca 2ϩ release in the soma, we sought to further characterize these Ca 2ϩ signals in the distal neurites, which are amenable to resolving spatio-temporal properties due to their fine structure. To assess the impact of voltagegated Ca 2ϩ entry in the PKC-sensitized state in the absence of Apl Ca v 2 insertion, we recorded from fura-PE3-injected bag cell neurons presented with 100 nM PMA following exposure to 10 M Lat B. Moreover, we bathed neurons in high-Ca 2ϩ nASW to enhance Apl Ca v 1 current, since our results indicate that even under these conditions there is little apparent secretion during a 5 Hz, 5 s train stimulus. After drug application, neurites were imaged while the soma was sharp-electrode current-clamped at Ϫ60 mV. A train of action potentials evoked by 5 Hz, 5 s depolarizing current pulses produced a transient rise in Ca 2ϩ throughout the most of the primary neurite that quickly returned to baseline after the end of the stimulus (Fig. 8 E, F ) . Conversely, exposing the same neurons to 20 M FCCP to liberate mitochondrial Ca 2ϩ produced a much slower onset Ca 2ϩ response in the same regions of the neurite which lasted substantially longer than the Ca 2ϩ signal following the train stimulus (Fig. 8 E, F ) . While the peak Ca 2ϩ signal was not significantly different between the two Ca 2ϩ signals, the time to 75% recovery from the peak Ca 2ϩ response during FCCP was much longer than the Ca 2ϩ signal after the train, and reached the level of significance (Fig. 8G) .
Discussion
In the present study, we examined the contribution of Apl Ca v 2 to secretion from bag cell neurons. Consistent with other work, we found that prior whole-cell recording occluded the recruitment of Apl Ca v 2, as PMA addition after dialysis had no impact on Ca 2ϩ current magnitude or train-evoked somatic Ca 2ϩ entry (DeRiemer et al., 1985; Strong et al., 1987) . The macroscopic Ca 2ϩ current passed by cells possessing either Apl Ca v 1 alone or Apl Ca v 1 plus Apl Ca v 2 showed similar properties, aside from small differences in voltage dependence and voltage-sensitivity of activation.
The finding that Apl Ca v 1 and Apl Ca v 2 macroscopic currents are very similar is consistent with work by others (Strong et al., 1987; Fieber, 1995) . Despite these similarities, other electrophysiological and immunocytochemical evidence indicates that these macroscopic currents are carried by distinct channels. Specifically, in association with the PKC-dependent enhancement of macroscopic Ca 2ϩ current is the appearance of a largerconductance single-channel current that is disrupted by patch formation (Strong et al., 1987; Conn et al., 1989b) . Moreover, ensemble currents comprised of larger-conductance channels are biophysically similar to the current passed by the smallerconductance channel (Strong et al., 1987) . Last, this study and others have shown that the increase in Ca 2ϩ current following PKC activation is sensitive to Lat B, which prevents the trafficking and plasma membrane insertion of the Apl Ca v 2 ␣-1 subunit (Zhang et al., 2008) .
Augmented Ca 2ϩ current and influx following Apl Ca v 2 recruitment was associated with a facilitation in the capacitance response triggered by stimuli that mimic the afterdischarge. PKC also increases Ca 2ϩ current and facilitates synaptic transmission in Aplysia buccal neurons or mammalian central neurons (Fossier et al., 1990 (Fossier et al., , 1994 Swartz et al., 1993; Brody and Yue, 2000) . However, unlike these and other forms of facilitation, we show that PKC does so uniquely, by recruiting distinct Ca 2ϩ channels to the membrane. The PMA-evoked recruitment of Apl Ca v 2, and ensuing elevation of Ca 2ϩ influx and secretion, is prevented by Lat B, which disrupts the polymerization of new actin filaments (Morton et al., 2000) . Furthermore, blocking Apl Ca v 2 recruitment by establishing whole-cell configuration before, but not after, engaging PKC, entirely impedes the facilitation of traininduced secretion by PMA. As such, this appears to be principally mediated by Apl Ca v 2 recruitment rather than a mechanism downstream from Ca 2ϩ influx, or any PMA-elicited changes in voltage dependence.
The recruitment of Apl Ca v 2 confers substantial secretion to brief or slow-frequency stimuli that were ineffective at reaching the threshold for secretion in cells using Apl Ca v 1 alone. Similar properties have been demonstrated in adrenal chromaffin cells and neurohypophyseal terminals (Seward et al., 1995; Seward and Nowycky, 1996) . In these cells, the requisite activity pattern for secretion is not fixed, but relies on a set amount of cumulative Ca 2ϩ entry. Thus, greater Ca 2ϩ entry per pulse achieves the Ca 2ϩ threshold more readily and lowers the frequency and/or duration of activity necessary for secretion. Ca 2ϩ current passed through a combination of Apl Ca v 2 and Apl Ca v 1 channels was more effective at eliciting secretion than equivalent current derived from Apl Ca v 1. These results suggest that Apl Ca v 2 engages secretion more readily than Apl Ca v 1, rather than simply causing a general increase in Ca 2ϩ entry. In pancreatic ␤ cells and chromaffin cells, L-type Ca 2ϩ channels preferentially trigger secretion by physically colocalizing with secretory vesicles in active zone-like regions (Bokvist et al., 1995; Robinson et al., 1995; Elhamdani et al., 1998) . Likewise, the insertion of Apl Ca v 2 channels could create new sites of Ca 2ϩ entry that access vesicle populations more readily than Apl Ca v 1. This is compelling, given that in mammalian neurons, Ca v 2 family channels preside over secretion by forming a complex with the SNARE apparatus at active zones (White and Kaczmarek, 1997; Catterall and Few, 2008) . Strong et al. (1987) 's t test) . E, Intracellular Ca 2ϩ in the distal neurite of a bag cell neuron bathed in high-Ca 2ϩ external nASW (16.5 mM Ca 2ϩ ) while maintaining the soma at Ϫ60 mV with sharp-electrode current-clamp. Neurons were treated with 10 M Lat B for 1 h and then provided PMA for 15 min to activate PKC in the absence of Apl Ca v 2 recruitment. Numbers correspond to images from F. Delivering a 5 Hz, 5 s train of depolarizing current pulses produces a steep rise in Ca 2ϩ that rapidly decays to prestimulus levels (E1-E3). Subsequently, bath application of FCCP, while maintaining membrane voltage at Ϫ60 mV, elicits a rise in Ca 2ϩ that endures for many minutes (E4-E6). Inset, Phase image of the bag cell neuron soma and the neurite (white box) presented in E and F. F, Ratiometric images of emission following 340/380 nm excitation of a bag cell neuron distal neurite quantified in E. Images (F1-F6) show before, at peak, and 5 min post-peak for the Ca 2ϩ responses during either the train stimulus (top) or FCCP (bottom). Dashed box in each image delineates the ROI used to acquire the data. Note that during FCCP Ca 2ϩ remains high throughout the neurite even 5 min post-peak. G, Left, The peak change in 340/380 during the 5 Hz, 5 s train stimulus and FCCP are not significantly different (unpaired Mann-Whitney U test). Right, The time to 75% recovery from the peak 340/380 response is significantly longer following FCCP than the train (unpaired Mann-Whitney U test). The n value for FCCP is different in the right panel because one cell did not recover to 75% within the recording period.
taining secretion during periods with minimal burst frequency. For example, in the absence of Apl Ca v 2, the slow-phase-like train fails to elicit secretion, despite the majority of ELH release in vivo occurring during the slow-phase of the afterdischarge (Loechner et al., 1990; Michel and Wayne, 2002) . However, during a genuine afterdischarge, Apl Ca v 2 channels are involved throughout the slow-phase (Conn et al., 1989a,b) . Consequently, the insertion of Apl Ca v 2, and the associated enhanced excitationsecretion coupling, may be necessary for sustaining slow-phase secretion and ultimately propagation of the species.
The bag cell neurons show dramatic differences in voltagegated Ca 2ϩ entry and excitation-secretion coupling in relation to reproductive behavior. The absence of secretion is associated with smaller train Ca 2ϩ entry through Apl Ca v 1, probably due to reduced Apl Ca v 1 Ca 2ϩ current density, which has also been observed in reproductively immature animals (Nick et al., 1996a) . In rats, changes to lactating behavior are associated with a similar drop in stimulus-evoked secretion in magnocellular neurons, due in part to smaller voltage-gated Ca 2ϩ currents (de Kock et al., 2003) . Additionally, the absence of secretion in silent neurons appears to be due to the uncoupling of Ca 2ϩ entry from exocytosis. Despite the recovery of substantial train Ca 2ϩ entry by recruiting Apl Ca v 2, secretion remains absent. In the calyx of Held and adrenal chromaffin cells, secretion becomes more efficient with development, as the spatial relationship between Ca 2ϩ channels and vesicles tightens (Elhamdani et al., 1998; Fed- Figure 9 . PKC activation during the afterdischarge facilitates peptide release by recruiting Apl Ca v 2 to the membrane and engaging a process downstream from Ca 2ϩ influx. A conceptual model for the enhancement of secretion during an afterdischarge by Apl Ca v 2 recruitment, based on the present study and prior work (Strong et al., 1987; Conn et al., 1989a; Wayne et al., 1999; Zhang et al., 2008; White and Magoski, 2012) . Top, An idealized bag cell neuron afterdischarge containing an early fast-phase and late slow-phase. Numbers correspond to chronological events portrayed in the illustration. Bottom, 1, A brief synaptic input triggers the start of the afterdischarge, during which time Ca 2ϩ entry is mediated by Apl Ca v 1 and is loosely coupled to secretion. 2, As the afterdischarge progresses PKC is activated. 3, PKC causes Apl Ca v 2-containing vesicles to associate with actin and traffic/insert into the plasma membrane via a process requiring the polymerization of new filaments. 4, Apl Ca v 2 is present in the membrane and occupies regions which have greater coupling to secretory vesicles than Apl Ca v 1, thereby sustaining peptide release throughout the slow-phase. 5, After prolonged Ca 2ϩ entry, Ca 2ϩ liberated from the mitochondria provide an additional source for secretion. 6, PKC also facilitates secretion directly, possibly by making vesicles available for release after prolonged Ca 2ϩ changes (such as from the mitochondria).
chyshyn and Wang, 2005). Unlike reproductively mature animals, bag cell neurons in juvenile animals show nonpunctate distribution of Apl Ca v 2 ␣-1 subunits (White et al., 1998) . Therefore, Apl Ca v 2 insertion may be mislocalized in relation to peptide vesicles in silent neurons. However, a near lack of secretion in silent neurons implicates other factors, including changes in vesicle class (Nick et al., 1996b) , a lower abundance of vesicles (de Kock et al., 2003) , or alternate sensors with different Ca 2ϩ affinities (Sugita et al., 2002) . Nevertheless, our results suggest that the coupling of Apl Ca v 2 to secretion is not fixed, but can differ markedly between animals, possibly to ensure timely reproduction in relation to season and development.
Aside from channel insertion, PKC appears to regulate secretion independent of Ca 2ϩ entry, as PMA post-whole-cell enhances capacitance responses triggered by mitochondrial Ca 2ϩ release. Interestingly, this secondary effect does not appear to alter secretion initiated by voltage-gated Ca 2ϩ entry, because PMA post-whole-cell does not augment capacitance responses to train stimuli. Relative to voltage-gated Ca 2ϩ influx, the mitochondrial Ca 2ϩ release signal in the neurites/soma persists for a considerable time period; consequently, the secretion is comparatively lengthy. In other cells, PKC facilitates secretion in a delayed fashion by recruiting new vesicles after prior depletion of the readily releasable pool (Nagy et al., 2002) . Thus, the secondary influence of PKC may only be detected during prolonged secretion when such processes are engaged, as seen here following mitochondrial Ca 2ϩ . If this is the case, then the secondary effect of PKC should become apparent during extended Ca 2ϩ influx. Consistent with this, we found that over the 10 min train stimulus, cells exposed to PMA post-whole-cell often presented a small facilitation in secretion despite the disruption of Apl Ca v 2 recruitment. Thus, in addition to recruiting Apl Ca v 2-containing vesicles, PKC promotes secretion directly, possibly by replenishing vesicles after several minutes of ongoing secretion.
By dissecting the contribution of PKC to secretion, we provide strong evidence that the bag cell neurons employ Apl Ca v 2 as a reserve channel that is rapidly recruited to promote peptide release during the afterdischarge (Fig. 9) . To our knowledge, this is the first study showing that neurons can employ kinasedependent Ca 2ϩ channel insertion to promptly facilitate the capacity for secretion. This resembles AMPA receptor recruitment during LTP in hippocampal neurons or the insulin-induced insertion of glucose transporters in myocytes. Both forms of insertion rely on fast recruitment of vesicle pools and require actin polymerization (Tong et al., 2001; Gu et al., 2010) . Thus, we propose a "presynaptic" equivalent to postsynaptic AMPA receptor insertion for enhancing neuronal communication. Similar forms of plasticity may occur elsewhere; for example, in medullary neurons, the anti-epileptic drug gabapentin, which precludes forward Ca 2ϩ channel trafficking (Hendrich et al., 2008; Dolphin, 2012) , disrupts the facilitation of glutamate release by PKC (Maneuf and McKnight, 2001) . Moreover, during LTP of the perforant pathway-CA1 synapse, formerly uninvolved N-type Ca 2ϩ channels are recruited through an undetermined mechanism to enhance the efficacy of synaptic transmission (Ahmed and Siegelbaum, 2009). Our work suggests that dynamic regulation of membrane channel content could be an advantageous form of plasticity. By recruiting additional channels, neurons would be able to stably augment Ca 2ϩ influx during periods of prolonged excitability and output, or even transform the spatial pattern of Ca 2ϩ entry and produce additional regions of secretion.
